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(57) ABSTRACT 

Embodiments of methods in accordance With the present 
invention provide three-dimensional carbon nanotube (CNT) 
integrated circuits comprising layers of arrays of CNT’ s sepa 
rated by dielectric layers With conductive traces formed 
Within the dielectric layers to electrically interconnect indi 
vidual CNT’s. The methods to fabricate three-dimensional 
carbon nanotube FET integrated circuits include the selective 
deposition of carbon nanotubes onto catalysts selectively 
formed on a conductive layer at the bottom of openings in a 
dielectric layer. The openings in the dielectric layer are 
formed using suitable techniques, such as, but not limited to, 
dielectric etching, and the formation of ring gate electrodes, 
including spacers, that provide openings for depositing self 
aligned carbon nanotube semiconductor channels. 
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Provide a base substrate upon which the carbon nanotube integrated circuits 
are to be fabricated 

40 
7 

Deposit a ?rst dielectric layer or plurality of dielectric layers onto the substrate 

1, 42 
Provide one or more ?rst vias in the ?rst dielectric layer into which a ?rst conductive 

layer is deposited 

44 
Y 

Deposit a second dielectric layer onto the ?rst conductive and dielectric layers 

7 46 

Pattern the second dielectric layer with small diameter vias of various or equal sizes 
extending to and exposing the ?rst conductive layer, followed by the patterning of larger 

diameter vias interconnected with one or more of the smaller diameter vias 

48 
v 

Provide the exposed ?rst conductive layer at the base of the small vias with a catalyst 

v 50 

Grow/deposit a carbon nanotube in each via or via stack on the catalyst material in vertical 
alignment with the openings formed by the second vias in the second dielectric layer 

' 52 Y 

Provide the third dielectric layer onto the second dielectric layer and the embedded carbon 
nanotube with one or more fourth vias into which a second conductive layer is deposited 

' 54 
Build up additional layers upon the conductive and ‘ 
fourth dielectric layers for form additional carbon 

nanotube integrated circuits followed by a passivation 
layer on the ?nal dielectric/conductive layer 

Deposit a passivation layer 
onto the second conductive 
and fourth dielectric layers 

56 
58 

FIG. 4 
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MICROCIRCUIT FABRICATION AND 
INTERCONNECTION 

CROSS-REFERENCES TO RELATED 
APPLICATIONS 

[0001] This application is a divisional application of US. 
application Ser. No. 11/048,231 ?led Feb. 1, 2005, and 
entitled “Microcircuit Fabrication and Interconnection,” 
Which is hereby incorporated by reference in its entirety. US. 
application Ser. No. 11/048,231 is a divisional application of 
US. application Ser. No. 10/336,236 ?led Jan. 2, 2003, Which 
is also hereby incorporated by reference in its entirety. 

TECHNICAL FIELD 

[0002] Embodiments of the present invention relate to 
microelectronic circuits and, more particularly, to microcir 
cuit fabrication and interconnection of molecular electronic 
elements. 

BACKGROUND 

[0003] It is believed that in order to fabricate integrated 
circuits (IC) having feature siZes beloW 10 nm, a process other 
than the lithographic processes in current use for larger fea 
ture siZes Will be required. This is due in part to Wavelength 
limitations for resolving features of that scale. Molecular 
electronics shoWs promise as the technology capable of 
achieving IC feature siZes of 10 nm and beloW. One approach 
to fabricating molecular electronic devices is the use of car 
bon nanotubes (CNT). 

[0004] Carbon nanotubes have a unique property Wherein 
they can perform as a metal or as a semiconductor, depending 
on con?guration. Small-scale integrated circuits can take 
advantage of carbon nanotube sub-10 nm siZe and the ability 
to take on p- or n-type semiconductor properties. Carbon 
nanotubes have unique properties compared With planar 
semiconductor devices, including: high chemical stability; 
high thermal conductivity; high mechanical strength; siZes 
beloW 10 nm; semiconductor- and metallic-like properties; 
the prospect to regulate band-gap by changing the diameter of 
the carbon nanotube; the prospect to make heterojunction 
devices; and the prospect of vertical integration providing 
high density IC’s. 

[0005] Carbon nanotubes differ substantially in operation 
from planar semiconductor devices. The carbon nanotube 
conducts essentially on its surface Where all the chemical 
bonds are saturated and stable. Therefore, there is no need for 
careful passivation of the interface betWeen the carbon nano 
tube channel and the gate dielectric. In other Words, carbon 
nanotubes have no equivalent to the silicon/ silicon dioxide 
interface of commonly used semiconductor devices. 

[0006] One major impetus to achieving success With car 
bon nanotube technology is the dif?culty in electrically inter 
connecting carbon nanotubes to fabricate integrated circuits. 
Single CMOS transistors have been demonstrated With car 
bon nanotubes placed to bridge the gap betWeen tWo gold 
electrodes Which Were de?ned lithographically on 140 nm 
thick SiO2 ?lm groWn on a silicon Wafer. HoWever, this 
method utiliZing single placement of a carbon nanotube Will 
not prove commercially viable. 

[0007] Another demonstrated method involved the fabrica 
tion of gold contacts interconnecting With an array of carbon 
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nanotubes Which Were groWn through templates of anodiZed 
aluminum With Co or Ni catalysts placed at the bottom of the 
pores of anodic aluminum oxide. HoWever, this method can 
not be used to make contact betWeen single carbon nanotubes 
and therefore, the carbon nanotubes can not be integrated into 
integrated circuits. 

[0008] In order for carbon nanotube technology to be a 
viable approach to fabricating nanometer- scale integrated cir 
cuit devices, for use in commercial products, methods for 
fabricating carbon nanotube integrated circuits scalable to 
commercial production must be developed. 

BRIEF DESCRIPTION OF DRAWINGS 

[0009] FIGS. lA-G are cross-sectional vieWs of various 
stages of fabrication of integrated circuits using carbon nano 
tubes, in accordance With an embodiment of the methods of 
the present invention; 

[0010] FIGS. 2A-B are cross-sectional vieWs of tWo stages 
of fabrication of carbon nanotube integrated circuits using 
carbon nanotubes, in accordance With an embodiment of the 
methods of the present invention; 

[0011] FIG. 3 is a cross-sectional vieW of a carbon nano 
tube integrated circuit device, in accordance With an embodi 
ment of the methods of the present invention; 

[0012] FIG. 4 is a How diagram of methods for fabricating 
carbon nanotube integrated circuits, in accordance With 
embodiments of the present invention; 

[0013] FIGS. SA-F are cross-sectional vieWs of various 
stages of fabrication of ?eld effect transistors (FET), includ 
ing CMOS, as three-dimensional integrated circuits using 
self-aligned carbon nanotube channels inside ring gate elec 
trodes, in accordance With an embodiment of the methods of 
the present invention; 

[0014] FIGS. 6A-F are cross-sectional vieWs of various 
stages of fabrication of three-dimensional integrated circuits 
using carbon nanotube channels deposited into openings 
formed by etching the dielectric layer, in accordance With an 
embodiment of the methods of the present invention; and 

[0015] FIGS. 7A and 7B shoWs side and end cross-sec 
tional vieWs, respectively, of a carbon nanotubes ?eld-effect 
transistor, in accordance With an embodiment of the present 
invention. 

DESCRIPTION 

[0016] In the folloWing detailed description, reference is 
made to the accompanying draWings Which form a part hereof 
Wherein like numerals designate like parts throughout, and in 
Which is shoWn by Way of illustration speci?c embodiments 
in Which the invention may be practiced. It is to be understood 
that other embodiments may be utiliZed and structural or 
logical changes may be made Without departing from the 
scope of the present invention. Therefore, the folloWing 
detailed description is not to be taken in a limiting sense, and 
the scope of the present invention is de?ned by the appended 
claims and their equivalents. 

[0017] Embodiments of methods in accordance With the 
present invention provide three-dimensional carbon nano 
tube (CNT) integrated circuits comprising one or more layers 
of arrays of individual carbon nanotubes separated by dielec 
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tric layers. Conductive traces formed Within the dielectric 
layers electrically interconnect individual carbon nanotubes. 

[0018] FIGS. 1A-G are cross-sectional vieWs of various 
stages of fabrication of integrated circuits comprising carbon 
nanotubes, in accordance With an embodiment of the methods 
of the present invention. 

[0019] FIG. 1A is a cross-sectional vieW ofa base substrate 
110, upon Which the carbon nanotube integrated circuits are 
formed. In another embodiment in accordance With the 
present invention, the substrate comprises traditional CMOS 
and/ or bi-polar devices. 

[0020] FIG. 1B is a cross-sectional vieW ofa ?rst dielectric 
layer 112 on the base substrate 110. The ?rst dielectric layer 
112 comprises one or more dielectric layers. The ?rst dielec 
tric layer 112 comprises a ?rst conductive layer 122 Within a 
plurality of ?rst vias 130 forming electrodes. FIG. 1C is a 
cross-sectional vieW of a second dielectric layer 114 provided 
on the ?rst dielectric layer 112 and covering the ?rst conduc 
tive layer 122. The second dielectric layer 114 is patterned 
With a plurality of second vias 132 extending to and at least 
partially exposing the ?rst conductive layer 122. The second 
vias 132, in other embodiments, have diameters of less than 
50 nm. The second dielectric layer 114 is further patterned 
With a plurality of third vias 134. The plurality of third vias 
134 in other embodiments have diameters of up to 100 nm. 
The third vias 134 are in communication With one or more 
second vias 132. 

[0021] FIG. 1D is a cross-sectional vieW ofa catalyst layer 
140 on the ?rst conductive layer 122 at the bottom of the 
second vias 132. The catalyst layer 140 comprises suitable 
material upon Which the carbon nanotube is to be deposited. 
Suitable catalyst layer 140 material includes, but is not lim 
ited to Co, Ni, and Fe, and combinations thereof. 

[0022] FIG. IE is a cross-sectional vieW of second and third 
vias 132,134 Wherein carbon nanotube 150 has been depos 
ited or groWn. The carbon nanotube 150 takes the form of the 
different diameter vias 132, 134, the signi?cance of Which is 
described beloW. 

[0023] FIG. 1F is a cross-sectional vieW of a third dielectric 
layer 116 covering the second dielectric layer 114 and the 
carbon nanotubes 150. 

[0024] FIG. 1G is a cross-sectional vieW ofthe third dielec 
tric layer 116 patterned With a plurality of fourth vias 156, 
some of Which extending to and exposing the carbon nano 
tubes 150. The fourth vias 156 are provided With a second 
conductive layer 124 using, for example, but not limited 
thereto, single or dual damascene techniques or reactive ion 
etching. The conductive layer 124 completes the electrical 
circuit comprising the carbon nanotube 150. 

[0025] Wherein no more circuit layers are desired, the con 
ductive layer 124 is provided With a passivation layer (not 
shoWn). Wherein more circuit layers are desired, the above 
method is repeated With the addition of a ?rst dielectric layer 
112 on the conductive layer 122, to achieve the desired plu 
rality of circuit layers. The passivation layer is the ?nal layer 
provided on the substrate 2 prior to packaging. The resulting 
integrated circuit substrate 2, containing carbon nanotube 
integrated circuits 20, is packaged into a microelectronic 
package (not shoWn) using standard techniques. 
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[0026] FIGS. 2A-B are cross-sectional vieWs of tWo stages 
of fabrication of carbon nanotube integrated circuits 22, in 
accordance With an embodiment of the method of the present 
invention. 

[0027] FIG. 2A is a cross-sectional vieW of three layers of 
interlayer dielectric 111,113,115, each interlayer sequen 
tially deposited and provided With vias 131,133,135. A cata 
lyst layer 140 is provided on the conductive layer 122, from 
Which the carbon nanotubes 152 are groWn. Each carbon 
nanotube 152 is groWn Within the multi-diameter space 
formed by the vias 131,133,135 using a deposition process, 
the carbon nanotubes 152 taking the form of the multi-diam 
eter space. 

[0028] FIG. 2B is a cross-sectional vieW of the embodiment 
of FIG. 2A provided With a ?fth dielectric layer 116 and a 
second conductive layer 124, Which provides electrical inter 
connects to exterior components. Wherein more circuit layers 
are desired, the above method steps are repeated, beginning 
With the addition of a ?rst dielectric layer 112 on the second 
conductive layer 124, to achieve the desired plurality of cir 
cuit layers. A passivation layer is the ?nal layer provided on 
the substrate 4 prior to packaging. The resulting integrated 
circuit substrate 4, containing carbon nanotube integrated 
circuits 22, is packaged into a microelectronic package (not 
shoWn) using standard techniques. 

[0029] FIG. 3 is a cross-sectional vieW ofone carbon nano 
tube 152 that is formed using the method of FIG. 2A. It is 
knoWn that the band-gap, Eg, of a semiconducting carbon 
nanotube depends strongly on its diameter, d. The methods of 
fabricating carbon nanotube 152, in accordance With embodi 
ments of the present invention, provide the ability to vary the 
diameter of the carbon manometer over its length. The chang 
ing diameters of the carbon nanotube 152 corresponds 
inversely to that of a simple band-gap structure, Wherein Eg is 
inversely proportional to d. 

[0030] In other embodiments, in accordance With methods 
of the present invention, three-dimensional carbon nanotube 
integrated circuit features are provided as multiple layers of 
carbon nanotube arrays, such as, but is not limited to, hetero 
junction devices, separated by dielectric layers Where inter 
connects are formed to connect the carbon nanotubes. 

[0031] The catalyst from Which the carbon nanotubes are 
groWn/deposited is provided on the conductive layer exposed 
at the base of the dielectric vias using any number of suitable 
processes. Suitable processes, include, but are not limited to, 
chemical deposition and electroless plating. Suitable catalyst 
material includes, but is not limited to, Ni, Co, and Fe, and 
combinations thereof. 

[0032] The carbon nanotube provides an integrated circuit 
With the folloWing desirable properties: high thermal conduc 
tivity; high mechanical strength, having a Young’s modulus 
of over 1 Tera Pascal and estimated tensile strength of 200 
Gpa; high chemical stability Wherein all chemical bonds are 
saturated; the capability to carry a very high current density of 
up to 1e9 A/cm2; and high device densities through three 
dimensional vertical integration. 

[0033] The embodiments in accordance With the methods 
of the present invention are characterized by the folloWing 
features: the ability to provide three-dimensional integration 
alloWing for increased device densities; the use of single or 
dual damascene patterning techniques to fabricate a template 
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in the dielectric material for growing the carbon nanotubes 
and formation of interconnects; the formation of heterojunc 
tion devices, such as, but not limited to diodes, simply by 
changing the diameter of the carbon nanotubes; and selective 
deposition of catalysts by using processes such as, but not 
limited to, electroless plating, folloWed by selective deposi 
tion of vertically oriented carbon nanotubes. 

[0034] FIG. 4 is a How diagram of a method for fabricating 
carbon nanotube integrated circuits, in accordance With an 
embodiment of the present invention. A base substrate is 
provided upon Which the carbon nanotube integrated circuits 
are to be fabricated 40. In an embodiment, the base substrate 
comprises traditional CMOS and/or bi-polar devices. 

[0035] A ?rst dielectric layer, or plurality of dielectric lay 
ers, is deposited onto the substrate 42. The dielectric layer 
comprises a suitable material for the particular purpose, 
including, but not limited to, SiO2, SiON, SiN, SiC, A1203, 
Si, and CN, high k dielectric HfO2, ZrO2 and loW k dielectric 
such as CDO and nanoglass. A combination of dielectric 
materials can be deposited to form different diameter carbon 
nanotube segments. By Way of example, one carbon nanotube 
can contain tWo segments of differing diameters, or contain 
three segments having tWo or more different diameters. In one 
embodiment, band-gap is controlled by the arrangement of 
differing diameters of the carbon nanotube. 

[0036] One or more ?rst vias are provided in the ?rst dielec 
tric layer into Which a ?rst conductive layer is deposited 44. 
Vias are formed using knoWn processes, including the dual 
damascene patterning techniques. 

[0037] The conductive layer comprises a suitable material 
for the particular purpose, including, but not limited to, single 
or dual damascene copper interconnects, poly-silicon inter 
connects, salicides, and refractory metal interconnects such 
as, but not limited to, Ta, Ru, W, Nb, Zr, Hf, Ir, La, Ni, Co, Au, 
Pt, Rh, Mo, and their combinations. 

[0038] A second dielectric layer is deposited onto the ?rst 
conductive and ?rst dielectric layers 46. The second dielectric 
layer is patterned With small diameter vias of various or equal 
siZes extending to and exposing the ?rst conductive layer. 
Larger diameter vias are provided and interconnected With 
one or more of the smaller diameter vias 48. 

[0039] The exposed ?rst conductive layer at the bottom of 
the small vias is provided With a catalyst material 50. Selec 
tive deposition of catalyst is provided by, for example, but is 
not limited to, using electroless plating With activation in 
Pd-containing solution. Catalyst materials include, but are 
not limited to, Co, Ni, RhiPt, NiiY, and Fe, and their 
combinations. 

[0040] Carbon nanotubes are groWn from or deposited on 
the catalyst material in vertical alignment With the openings 
formed by the second vias in the second dielectric layer 52. In 
one embodiment, an electrical ?eld is applied during carbon 
nanotube groWth to provide vertical orientation. The carbon 
nanotubes are deposited or groWn from the catalyst material 
using knoWn techniques. Suitable techniques include, but are 
not limited to, electrical discharge betWeen carbon elec 
trodes, laser vaporization of carbon, thermal decomposition 
of hydrocarbons such as acetylene, methane, ethane, and gas 
phase chemical vapor deposition (CVD) using CO and metal 
carbonyls. 
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[0041] Carbon nanotubes can be fabricated having more 
than one terminal tube of various diameters de?ned by the 
vias provided in the second dielectric layer. The various car 
bon nanotube diameters provide the ability to regulate the 
band-gap Width and to form heterojunction devices. 

[0042] In an embodiment in accordance With the present 
invention, the second dielectric layer and the embedded car 
bon nanotube are planariZed using suitable techniques. An 
example of a planariZation technique includes, but is not 
limited to, chemical-mechanical planariZation (CMP). 

[0043] A third dielectric layer is provided onto the second 
dielectric layer and the embedded carbon nanotubes With one 
or more fourth vias into Which a second conductive layer is 
deposited 54. The second conductive layer is provided using 
a suitable process, including, but not limited to, dual dama 
scene patterning techniques, and electroless plating of con 
ductive material such as, but not limited to, Co, Ni, Pd, Ag, 
Rh, and Au. Another suitable process includes the formation 
of Co and Ni salicides formed in openings of poly-silicon by 
deposition of Co or Ni folloWed by anneal and selective etch. 

[0044] A passivation layer is deposited onto the second 
conductive and fourth dielectric layers 56. In another embodi 
ment, additional layers are built up upon the conductive and 
fourth dielectric layers to form additional carbon nanotube 
integrated circuits folloWed by a passivation layer on the ?nal 
dielectric/ conductive layer 58. 

[0045] Other methods, in accordance With embodiments of 
the present invention, provide for the fabrication of ?eld 
effect transistors (FET), including CMOS, using integrated 
circuits comprising carbon nanotubes. The ?eld effect tran 
sistors comprise: layers of vertical transistors comprised of 
carbon nanotube semiconductors; poly-silicon, salicide and/ 
or metal source/ drain and gate electrodes; silicon oxide and/ 
or high k gate dielectrics separated by one or more layers of 
interconnects made from poly-silicon, salicides or refractory 
metals, providing three-dimensional vertically integrated cir 
cuits. 

[0046] The methods to fabricate three-dimensional carbon 
nanotube FET integrated circuits include the selective depo 
sition of carbon nanotubes onto catalysts selectively formed 
on a conductive layer at the bottom of openings in a dielectric 
layer. The openings in the dielectric layer are formed using 
suitable techniques, such as, but not limited to, dielectric 
etching, and the formation of ring gate electrodes, including 
spacers, that provide openings for depositing self-aligned 
carbon nanotube semiconductor channels. 

[0047] TWo or more layers of carbon nanotube semicon 
ductor FET transistors are separated from each other by a 
dielectric layer. Electrical communication betWeen indi 
vidual FET transistors is provided by forming conductive 
interconnects there betWeen. Conductive is provided using a 
suitable process, such as, but not limited to, damascene con 
ductive and reactive ioniZation etching. 

[0048] FIGS. SA-F are cross-sectional vieWs of various 
stages of the fabrication of ?eld effect transistors, as three 
dimensional integrated circuits, using self-aligned carbon 
nanotube channels inside ring gate electrodes, also knoWn as 
Donald’s-shape gates, in accordance With an embodiment of 
the methods of the present invention. FIG. 5A is a cross 
sectional vieW of a base substrate 210 provided With a ?rst 
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dielectric layer 212. A ?rst conductive layer is provided 
Within the ?rst vias 230, Which form drain (source) electrodes 
222. 

[0049] FIG. 5B is a cross-sectional vieW ofa second dielec 
tric layer 214 covering the ?rst dielectric layer 212 and drain 
(source) electrodes 222. Ring gate electrodes 202 are pro 
vided on the second dielectric layer 214, the axis of the bore 
of the ring gate electrode centered upon the drain (source) 
electrode 222. The ring gate electrodes 202 are provided, in 
one embodiment, by deposition and etching of ring gate elec 
trode material, using knoWn techniques. 

[0050] FIG. 5C is a cross-sectional vieW of the second 
dielectric layer 214 having exposed surfaces etched aWay to 
the ?rst dielectric layer 212 and drain (source) electrodes 222. 
The second dielectric layer 214 remains under the ring gate 
electrodes 202. A dielectric layer or spacers (gate dielectric) 
215 are formed on the inner and outer surfaces of the ring gate 
electrodes 202, the bore, in an embodiment, having a diam 
eter of no more than 50 nm. Catalyst material 240 is deposited 
on the drain (source) electrodes 222 in the bore 203 of the ring 
gate electrodes 202. 

[0051] FIG. 5D is a cross-sectional vieW of p-type (n-type) 
carbon nanotubes 250 groWn/deposited from the catalyst 
material 240 in vertical alignment With the inner surface of 
the bores 203 and extending beyond the ring gate electrodes 
202. FIG. SE is a cross-sectional vieW of a third dielectric 
layer 216 deposited on the ?rst dielectric layer 212, the ring 
gate electrodes 202, and the carbon nanotubes 250. A ?rst via 
230 is provided in the third dielectric layer 216 exposing one 
of tWo adjacent carbon nanotubes 250A, 250B. 

[0052] The exposed carbon nanotube 250A is converted 
from a p-type (n-type) to an n-type (p-type) carbon nanotube 
250A by vacuum annealing or doping of the carbon nanotube 
250A. Doping of carbon nanotubes 250A can be done by 
using alkali metals, such as, but not limited to, Li, Na, K, Cs, 
and using mono-metallofullerene encapsulating lanthanide 
elements, such as, but not limited to, Ce, Nd, Gd, Dy, or by 
partial chemical functionaliZation using, for example, F, and/ 
or substitutional doping using, for example, B and N, on the 
sideWalls of carbon nanotube 250A. 

[0053] FIG. SP is a cross-sectional vieW ofa second con 
ductive layer forming electrical contacts 224 in second and 
third vias 232,234 to provide electrical interconnection With 
the ring gate electrodes 202, the carbon nanotubes 250A, 
250B, and source (drain) electrodes. The process is repeated, 
if desired, to provide vertically integrated FET devices 24. 

[0054] FIGS. 6A-F are cross-sectional vieWs of various 
stages of the fabrication of three-dimensional integrated cir 
cuits using carbon nanotube semiconductor channels depos 
ited into openings formed by etching the dielectric layer, in 
accordance With another embodiment of the method of the 
present invention. 

[0055] FIG. 6A is a cross-sectional vieW ofa base substrate 
310 provided With a ?rst dielectric layer 312. The base sub 
strate 310, in another embodiment, comprises traditional 
CMOS or bi-polar devices. 

[0056] FIG. 6B is a cross-sectional vieW ofa ?rst conduc 
tive layer forming drain (source) electrodes 322 Within ?rst 
vias 330. The material for the drain (source) electrodes 322 
includes, for example, but is not limited to, poly-Si, salicides, 
and metals. 

May 22, 2008 

[0057] FIG. 6C is a cross-sectional vieW of a second dielec 
tric layer 314 deposited onto the ?rst dielectric layer 312 and 
drain (source) electrodes 322, and patterned using an etching 
process, forming second vias 332 for groWing carbon nano 
tube semiconductor channels. In an embodiment, second vias 
332 are formed having diameters of no more than 50 nm. The 
material for the second dielectric layer 3 12 includes, but is not 
limited to, high k dielectric HfO2, ZrO2 and SiO2, among 
others. 

[0058] FIG. 6D is a cross-sectional vieW of the second 
dielectric layer 314 patterned With third vias 334 for forming 
ring gate electrodes. Selective deposition of catalyst 240 is 
deposited on the drain (source) electrodes 322 at the bottom 
of the second vias 332. In other embodiments, other gate 
electrode shapes are provided. 

[0059] FIG. 6E is a cross-sectional vieW of selective depo 
sition of carbon nanotube 350 on the catalysts 240 to form 
p-type carbon nanotube semiconductors. Selected p-type car 
bon nanotubes are converted to n-type carbon nanotubes by 
vacuum anneal or doping. 

[0060] For CMOS devices, p-type carbon nanotube is 
deposited in those vias Wherein n-type carbon nanotubes are 
desired. The p-type carbon nanotubes are converted into 
n-type by annealing. FolloWing the conversion, p-type carbon 
nanotube is deposited into the vias Wherein p-type is desired. 

[0061] Ring gate electrodes 352 are formed in the third vias 
334. In another embodiment, poly-Si is used for the gates 202, 
and doping is used to establish desired properties. 

[0062] FIG. 6F is a cross-sectional vieW ofa third dielectric 
layer 316, such as, but not limited to, SiO2, deposited on the 
second dielectric layer 314, the carbon nanotubes 350 and the 
gate electrodes 352. Fourth and ?fth vias 336, 338 are pro 
vided in the third dielectric layer 316 to expose the ring gate 
electrodes 352 and the carbon nanotubes 350. The forth and 
?fth vias 336, 338 are provided With a second conductive 
layer to form local interconnects 324. 

[0063] In another embodiment in accordance With the 
invention, carbide-forming metals, such as, but not limited to 
Co, Ni, and Fe, and combinations thereof, are selectively 
deposited on the gate electrodes 352. Metal carbides are 
formed, for example, during an annealing process. 

[0064] FIGS. 7A and 7B are side and end cross-sectional 
vieWs, respectively, of an embodiment of a carbon nanotube 
?eld-effect transistor 26 provided in accordance With 
embodiments of the methods of the present invention. The 
carbon nanotube ?eld-effect transistor 26 comprises a source 
322, a drain 354, a gate 352 and the carbon nanotube semi 
conductor channel 350, the gate 352 electrically insulated 
from the nanotube semiconductor channel 350 by a second 
dielectric layer 314. 

[0065] The conductance of carbon nanotubes (the source 
drain current) decreases strongly With increasing gate volt 
age, Which not only demonstrates that the carbon nanotube 
device operates as a ?eld-effect transistor but also that trans 
port through the semiconducting carbon nanotube is domi 
nated by positive carriers (holes). The conductance modula 
tion of carbon nanotube FET can exceed 5 orders of 
magnitude. 

[0066] Although speci?c embodiments have been illus 
trated and described herein for purposes of description of the 
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preferred embodiment, it Will be appreciated by those of 
ordinary skill in the art that a Wide variety of alternate and/ or 
equivalent implementations calculated to achieve the same 
purposes may be substituted for the speci?c embodiment 
shoWn and described Without departing from the scope of the 
present invention. Those With skill in the art Will readily 
appreciate that the present invention may be implemented in 
a very Wide variety of embodiments. This application is 
intended to cover any adaptations or variations of the embodi 
ments discussed herein. Therefore, it is manifestly intended 
that this invention be limited only by the claims and the 
equivalents thereof. 

What is claimed is: 

1. A method for fabricating transistors, comprising: 

forming a ?rst dielectric layer having one or more ?rst vias 
With one or more ?rst conductive pads correspondingly 
disposed therein; 

depositing a second dielectric layer de?ning one or more 
second vias and one or more third vias, each second via 
in communication With each ?rst conductive pad, and 
each of the one or more third vias being coaxial With 
each of the one or more ?rst via of the ?rst dielectric 
layer and not in communication With a ?rst conductive 

Pad; 
depositing a catalyst on each of the one or more ?rst con 

ductive pads; 

depositing a carbon nanotube extending from each catalyst 
through said one or more second vias; 

depositing a conductive material in each of the third vias, 
the one or more third vias being electrically insulated to 
complementary second vias forming one or more ring 
gate electrodes, respectively; 

depositing a third dielectric layer comprising one or more 
second conductive pads, each of the one or more second 
conductive pads being in communication With the car 
bon nanotubes in the one or more second vias corre 

spondingly, or the conductive material Within the one or 
more third vias correspondingly. 
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2. The method of claim 1, further comprising: 

forming a ?rst substrate upon Which the ?rst dielectric 
layer is deposited. 

3. The method of claim 2, further comprising: 

forming a pas sivation layer on the third dielectric layer and 
second conductive pads. 

4. The method of claim 1, Wherein the ?rst through third 
dielectric layers de?ne one integrated circuit transistor sub 
strate, the method further comprising: 

depositing one or more additional integrated circuit tran 
sistor substrates thereon, Wherein one or more second 
conductive pads of the one integrated circuit transistor 
substrate are in electrical communication With one or 
more ?rst conductive pads of an adjacent series-con 
nected integrated circuit transistor substrate of the one or 
more additional integrated circuit transistor substrates, 
providing that the carbon nanotubes of one integrated 
circuit transistor substrate are in series connection With 
only carbon nanotubes of an adjacent integrated circuit 
transistor substrate. 

5. The method of claim 1, Wherein depositing a carbon 
nanotube extending from each catalyst through a second via 
comprises: 

depositing a carbon nanotube in predetermined second vias 
extending from each catalyst through the second via; 

converting the carbon nanotubes from either a p-type mate 
rial or an n-type material, to the opposite type material as 
provided; and 

depositing a carbon nanotube in remaining second vias 
extending from each catalyst through the second via, the 
carbon nanotube being a material type opposite that of 
the converted carbon nanotubes. 

6. The method of claim 1, Wherein the ?rst through third 
dielectric layers de?ne one integrated circuit transistor sub 
strate, the method further comprising: 

depositing one or more additional integrated circuit tran 
sistor substrates thereon, Wherein one or more second 
conductive pads of one integrated circuit transistor sub 
strate are in electrical communication With one or more 

?rst conductive pads of an adjacent series-connected 
integrated circuit transistor substrate. 

* * * * * 


